Abstract: Under proper optical injection, period-one (P1) dynamics of an optically injected semiconductor laser can be excited by undamping the relaxation resonance of the semiconductor through Hopf bifurcation. The output intensity would oscillate at a microwave frequency, i.e., the P1 frequency. After optical-to-electrical conversion, a microwave signal can be generated with its frequency determined by the detuning frequency and the injection strength. Therefore, it provides a convenient way to dynamically control the instantaneous frequency of the generated microwave signal by manipulating the injection strength. In this work, a flexible frequency-hopping (FH) microwave waveform generator by dynamic control of an optically injected semiconductor laser is proposed and demonstrated. The system has a compact structure, and the key device is a commercial semiconductor laser. The generated FH microwave waveform has a high degree of flexibility, i.e., the central frequency, bandwidth, sequence length, and frequency order can be easily adjusted. A proof-of-concept experiment is carried out. Wideband (>10 GHz) stepped linear and Costas sequence are successfully generated. Autoambiguity functions of the generated frequency-hopping sequences are also investigated. The experimental results can verify the feasibility of the proposed FH waveform generator, which may find wide applications in future radar and communications systems.
Introduction
Semiconductor lasers are inherently nonlinear devices. When a semiconductor laser is subject to an incoming optical carrier, rich nonlinear dynamics can be excited, such as stable injection locking, periodic oscillations, and chaos [1] - [4] . The resultant dynamical characteristics can be well controlled by the external operational parameters, including the detuning frequency and injection strength. Due to its unique temporal and spectral characteristics, nonlinear dynamics of an optically injected semiconductor laser have been utilized for many interesting and novel applications. For example, stable injection locking dynamics has been demonstrated for modulation bandwidth enhancement, chirp and noise reduction [5] - [7] . Chaotic dynamics has been studied for cryptography, high-speed random number generation, high-resolution ranging and imaging [8] - [11] . Period-one (P1) dynamics has been investigated for photonic microwave amplification, single-sideband (SSB) modulation, and optical frequency conversion [12] - [15] . Besides, P1 dynamics has been applied for photonic microwave generation with a frequency range up to 100 GHz [16] - [18] . In this study, we propose to use controlled P1 dynamics of an optically injected semiconductor laser for generating flexible frequency-hopping (FH) microwave waveforms.
Frequency-hopping microwave waveforms are widely used in applications such as radar, communication and electronic warfare systems [20] , [21] . In communication systems, FH technique can be used to enhance the network capacity and the anti-interference ability. In radar systems, the large time-bandwidth product (TBWP) of FH waveforms can bring advantages of increased detection range and improved range resolution. In addition, compared to the poor two-dimension united resolution of range and velocity of linear frequency-modulated (LFM) signal caused by the large range-Doppler coupling, specially coded FH microwave waveform, e. g., wideband Costas sequence, which has a thumbtack-shaped auto-ambiguity function, has been researched for simultaneously achieving high resolutions for both range and velocity detections. However, due to the limited speed and bandwidth of current electronic circuits, FH microwave waveforms generated by pure electrical technologies have a low central frequency and small bandwidth. Thanks to the inherent advantages of high frequency and large bandwidth, several photonic approaches have been proposed for generating FH microwave waveforms [22] - [26] . For instance, a frequency-swept microwave signal is generated by beating a wavelength sweeping distributed feedback (DFB) laser with an optical carrier having a fixed wavelength [22] or another wavelength sweeping optical signal [23] . This method can be adapted to generate wideband FH microwave waveforms, but suffers from a poor quality of generated FH microwave waveform because of the serious dynamic linewidth broadening of the laser beam during wavelength sweeping. Besides, the noncoherent phase relation between the two lasers would further degrade the signal quality after optical-to-electrical conversion. In [24] , Li et al. demonstrated a FH microwave waveform generation scheme based on a frequency-tunable optoelectronic oscillator (OEO) incorporating a polarization-maintaining phase-shifted fiber Bragg grating (PM-PSFBG). In the system, the PM-PSFBG has a polarizationdependent response. Thus, the output frequency can be changed by controlling the polarization state. The drawback is that the number of frequency points is limited, and the frequency is hard to be tuned. FH microwave waveforms can also be generated using a photonic arbitrary waveform generator based on optical pulse shaping and frequency-to-time mapping [25] , [26] , but the use of femtosecond pulsed laser and optical pulse shaper significantly increases the complexity and cost of the whole system.
In this paper, we propose and experimentally demonstrate the generation of FH microwave waveform based on an optically injected semiconductor laser. Under proper optical injection, P1 dynamics of a semiconductor laser can be excited by undamping the relaxation resonance of the semiconductor through Hopf bifurcation. The output intensity oscillates at a microwave frequency. After optical-to-electrical conversion, a frequency tunable microwave signal can be generated with its frequency determined by the detuning frequency and injection strength. Therefore, by properly controlling the injection strength, wideband FH microwave waveform can be achieved. The generated FH microwave waveform has a high degree of flexibility, and its center frequency, bandwidth, sequence length, as well as the frequency order can be easily adjusted. A proof-of-concept experiment is carried out. In the experiment, wideband (>10 GHz) stepped linear and Costas sequence of length 10 are successfully generated. Auto-ambiguity functions of the generated frequency-hopping sequences are also investigated. The feasibility of adjusting the different parameters of the generated FH microwave waveforms is also verified. 
Principle
The schematic configuration of the proposed FH microwave waveform generator is shown in Fig. 1(a) . The slave laser (SL) is a semiconductor laser with a free-running frequency f s . A continuous wave (CW) light from a master laser (ML) with frequency f m is injected to the slave laser through an optical circulator. The injection light pulls the intracavity field oscillation of the slave laser toward f m by locking the optical phase of the laser, leading to the frequency component at f m at the output of the slave laser. Meanwhile, the necessary gain for the slave laser is modified through optical injection. According to the antiguidance effect, the refractive index inside the cavity changes, resulting in the red shift of the cavity resonance from f s to f s . Such an injection-shifted cavity resonance competes dynamically with the injection-imposed laser oscillation, which radically modifies the dynamics of the injected laser. Under proper injection conditions, this would lead to the emergence of asymmetric double-sideband spectrum through Hopf bifurcation. As shown in Fig. 1(b) , such a spectral characteristic is a typical signature of P1 dynamics in optically injected semiconductor lasers [2] , [12] - [18] . When the output signal from the slave laser is sent to a PD, a microwave signal having frequency f o (f o = f m − f s ) can be generated. Since the cavity resonance shift depends on the gain reduction which is determined by the injection strength and the detuning frequency between the master and slave lasers, the beating microwave frequency after photo-detector (PD) is considerably dependent on the injection condition. Here, the injection strength is characterized by the injection parameter ξ, which is defined as the square root of the power ratio between the injected light and the free-running slave laser, i.e., the injection parameter ξ is proportional to the optical amplitude of the light injected to the slave laser. For a fixed master-slave detuning frequency f i (f i = f m − f s ), the microwave frequency f o would increase approximately linearly with the injection parameter over a large range [18] , [19] . In the system, a control signal S(t) is applied to an intensity modulator (IM) to manipulate the amplitude of the injection light before it is sent to the slave laser. By setting the control signal S(t) to be a two-level square wave, a microwave waveform with its frequency hopping between two frequencies will be generated. If S(t) is a multi-level signal, a FH microwave waveform with multiple frequencies, i.e., frequency-hopping sequence, can be obtained. During this process, the FH range can be enlarged by choosing a large amplitude variation of the injection light, and the specific frequencies can be tuned by changing the initial injection parameter. In addition, the sequence length and the frequency order of the FH sequences can also be adjusted by simply changing the control signal. As a result, the proposed FH microwave waveform generator has a high degree of flexibility and major parameters of the generated FH microwave waveform can be changed by adjusting the applied electrical control signal S(t).
Experimental Demonstration
A proof-of-concept experiment is carried out based on the setup in Fig. 1(a) . The experimental setup is given in Fig. 2 . A laser source (Agilent N7714A) with a wavelength of 1552.870 nm and a power of 13.5 dBm is applied as the master laser. Thereafter, a variable optical attenuator is used to adjust the power of the injection light. The CW light from the master laser is sent to an "injection parameter control" unit which consists of a 10 Gb/s Mach-Zehnder modulator (MZM, Lucent 2623NA) and an electrical control signal generated by a 120-MHz arbitrary waveform generator (Agilent 81150A). The slave laser (Actech LD15DM) is a DFB laser biased at 31.7 mA, about 5 times of the threshold. The free-running wavelength and power of the slave laser is 1552.915 nm and 4.98 dBm, respectively. Throughout the experiments, the master-slave detuning frequency is fixed at 5.6 GHz, unless otherwise specified. Before the optical circulator, a polarization controller (PC) is used to align the polarization of the injection light with that of the slave laser to maximize the injection efficiency. At the output of the optical circulator (port 3), a PD (u2t XPDV2120RA) with 40 GHz bandwidth is used to implement optical-to-electrical conversion. The generated FH microwave waveform is observed by an 80 GSa/s real-time oscilloscope (Keysight DSO-X 92504A). The optical spectrum is measured by an optical spectrum analyzer (Yokogawa AQ6370C).
First, the electrical control signal is not applied, and the power of the CW light injected to the slave laser is adjusted by the optical attenuator. The master-slave detuning frequency is 5.6 GHz. Fig. 3(a) shows the optical spectrum of P1 dynamics when ξ equals to 0.84 (blue solid curve). For comparison, the spectra of the injection light (green dashed curve) and the free-running slave laser (red dot curve) are also shown. As can be seen, two highly dominant wavelength components separated by the P1 oscillation frequency f o = 21.5 GHz is observed after optical injection. The oscillation frequency (f o ) as a function of the injection parameters ξ is also measured by a 40-GHz electrical spectral analyzer (R&S FSV40). In this process, the injection parameter is changed by tuning the optical power injected to the slave laser, and it is calculated according to the injection power measured at the output port of the circulator connected to the slave laser (port 2) and the optical power of the free running slave laser. As shown in Fig. 3(b) , the oscillation frequency (f o ) increases almost linearly with the injection parameter ξ over a large frequency range, except the slightly nonlinear range at lower injection parameters [19] . Fig. 3(c) shows the corresponding electrical spectra of the generated microwave signal after optical-to-electrical conversion. It should be noted that the generated microwave using optically injected semiconductor laser has a relatively large 3-dB linewidth on the order of megahertz, which is mainly caused by the spontaneous emission noise of the injected laser. This problem can be possibly solved by using an optoelectronic feedback structure reported in [16] , [17] . What's more, the P1 output spectrum in Fig. 3(a) (blue solid curve) corresponds to the circled circumstances in Fig. 3(b) and (c) .
Then, a 10 MHz two-level square wave is applied to the MZM, which is biased at the quadrature point. At the output of the PD, a FH microwave waveform with a temporal period of 0.1 μs is measured. By simply changing the initial injection parameter and the amplitude of the control signal S(t), the specific frequencies and the bandwidth of generated FH microwave waveforms can be tuned. Fig. 4(a) -(c) are the measured temporal waveforms under different injection conditions and the insets are the waveforms of corresponding control signal S(t). Fig. 4(d)-(f) show the recovered instantaneous frequency of the microwave waveform based on Hilbert transformation corresponding to the circumstance in Fig. 4(a)-(c) , respectively. At first, the initial injection parameter is set to ∼0.6, and the amplitude of S(t) is ∼1.6 V. The generated FH waveform is shown in Fig. 4(a) . As can be seen in Fig. 4(d) , the instantaneous frequency is bouncing between 13.1 and 17.6 GHz, indicating a FH bandwidth of 4.5 GHz. Then, as shown in Fig. 4(b) and (e), by changing the initial injection parameter from ∼0.6 to ∼0.84 using the optical attenuator, the instantaneous frequency of generated FH microwave waveform is hopping from 15.8 to 20.3 GHz, and the FH bandwidth remains 4.5 GHz. Besides, when the amplitude of S(t) is increased to ∼2.6 V, the variation of optical injection parameter is enlarged, and hence, an FH waveform with a larger FH bandwidth is achieved. As shown in Fig. 4(c) and (f) , the instantaneous frequency changes between 10.5 and 21.0 GHz, indicating a FH range as large as 10.5 GHz. The tuning time of control signal (τ 1 ) and corresponding instantaneous frequency (τ 2 ) are also investigated. Thanks to the fast dynamical rate parameters, typically in the range of 10 9 -10 11 s -1 , the dynamical behavior of a typical semiconductor varies at a sub-nanosecond time scale [3] . In the experiment, (τ 1 , τ 2 ) is measured to be about (1.5 ns, 1.6 ns), (1.5 ns, 1.5 ns) and (1.5 ns, 1.6 ns) for Fig. 4(a)-(c) , respectively. It shows that tuning time of instantaneous frequency is consistent with that of corresponding control signal.
If a multi-level (>2) control signal S(t) is applied to the MZM to control the injection parameter, a FH microwave waveform with multiple frequencies, i.e., frequency-hopping sequence, can be obtained. By simply increasing the levels of the electrical control signal S(t), the sequence length of generated FH sequences can be increased. Fig. 5(a)-(c) are the measured temporal waveforms of stepped linear sequence with different sequence length and the insets are the waveforms of corresponding control signal S(t). Here, the control signals has unevenly spaced levels to compensate for the nonlinearity in the f o − ξ function. The average power of the generated FH waveforms is around -35 dBm. Fig. 5(d)-(f) show the recovered instantaneous frequency of the microwave waveform corresponding the circumstance in Fig. 5(a)-(c) , respectively. Fig. 5(a) and (d) shows the results when a 4-level control signal is adopted. As can be seen, a stepped linear sequence with a length N = 4 is generated with a temporal period of 0.1 μs. The four frequencies are 10.3, 13.8, 17.3, and 20.8 GHz. Similarly, by properly adapting the control signal, stepped linear sequence with a length N = 7 and 10 are also generated, which are separately plotted in Fig. 5(b) and (c) . From the instantaneous frequency curves in Fig. 5 (e) and (f), seven and ten linearly increased frequencies are observed, respectively.
In addition, the frequency order of the FH sequences can also be adjusted by simply setting the control signal. One example is the generation of microwave Costas sequence, which has been widely used in applications like radar engineering, synchronization, and communications. Compared to the poor two-dimension resolution of range and velocity by using linear frequencymodulated signal and stepped linear sequence, microwave Costas sequence is proven to have an optimal (thumbtack) auto-ambiguity function and higher range-Doppler resolution. Here, we specifically implement Costas sequences with a length N = 4, 7, and 10, which are described in Table I . In order to realize these sequences, the control signals applied to MZM are set to have a similar pattern to Costas array. Fig. 6(a)-(c) show the generated Costas sequences with different length and a temporal period of 0.1 μs, and the average power is around -35 dBm. The insets are the waveforms of corresponding control signal S(t). Their instantaneous frequency versus time are separately plotted in Fig. 6(d)-(f) . As can be seen, the transitions are close to what we expected: 4, 7 and 10 frequencies are evenly spaced between ∼10 and ∼20.5 GHz and their frequency order are in agreement with the ordering in Table I . A criterion often used for evaluating the range-Doppler resolution is the auto-ambiguity function [19] . This function measures the compression of a microwave waveform both in time domain (corresponding to range) and frequency domain (corresponding to Doppler). To further show the performance characteristic of the generated FH sequences, the auto-ambiguity functions are calculated offline. Fig. 7 shows the comparison of auto-ambiguity functions of (a) stepped linear and (b) Costas sequence when N = 10. As can be seen in Fig. 7(a) , if the frequencies are monotonically increasing, which can be viewed as a stepped approximation of an LFM signal, a ridge in its auto-ambiguity function can be observed, leading to a large range-Doppler coupling with a reduced range-Doppler resolution. In comparison, when the order of frequencies meets the Costas sequence, a thumbtack-like auto-ambiguity function is obtained, as shown in Fig. 7(b) , which indicates that the range-Doppler coupling is reduced and the range-Doppler resolution is improved [20] . The main lobe of the auto-ambiguity function has a full-width half-maximum (FWHM) of ∼94 ps in delay and ∼ 11.2 MHz in Doppler, respectively. 
Conclusion
We have proposed a flexible photonic FH microwave waveform generator using controlled dynamics of an optically injected semiconductor laser. The proposed system mainly consists of a commercial semiconductor laser as slave laser and an amplitude controlled master laser, leading to a low-cost and simple structure. Besides, the proposed FH microwave waveform generator has a high degree of flexibility and major parameters of the generated FH microwave waveform can be changed by adjusting the applied electrical control signal S(t). A proof-of-concept experiment is carried out. In the experiment, wideband (>10 GHz) stepped linear and Costas sequence with different length are successfully generated. Auto-ambiguity functions of the generated frequency-hopping sequences are also investigated. In addition, the feasibility of adjusting the center frequency, bandwidth, and sequence length of the generated FH microwave waveforms is also verified. The experimental results can confirm the good performance of the proposed technique, which may find wide applications in future radar and other microwave systems.
